In recent years, 'multiple' or 'compound' extreme storms have become more common in climate science, as climate change and rapid urbanization lead to more regions and populations facing the challenges of risk caused by such climate extremes [1] . Some multiple events consist of several independent storms, like the 'Double Typhoon Trouble' case, which refers to Typhoon Chan-hom and Severe Tropical Storm Linfa in early July 2015 [2] . Another kind is that the subsequent event results from the previous one, such as the flood induced by Storm Desmond that occurred in the UK in early December 2015 [3, 4] . There is no certain terminology to describe these multiple natural disasters, although the terms 'multi-hazard' or 'compound events' are frequently used in the literature [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . This research adopts the explanation from the United Nations International Strategy for Disaster Reduction [11] to illustrate the main characteristics of multiple natural disasters, as '(1) the selection of multiple major hazards that the country faces, and (2) the specific contexts where hazardous events may occur simultaneously, cascadingly or cumulatively over time, and taking into account the potential interrelated effects'.
The importance of risk analysis for multiple natural disasters has been emphasized by many significant disaster-associated conferences and institutions [5, 6] . From an economic perspective, mitigation of economic impacts induced by natural disasters during the recovery process with the appropriate recovery approach that can minimize the economic loss is the core element of hazards-related resilience research. The better the mitigation techniques are adopted, the higher the economic resilience and the lower the sensitivity to hazards [15] . A variety of studies provide evidence that, either from a short-term or long-term view, various regions reveal a diversity of post-disaster recoveries in the aftermath of natural disasters, while both internal and external factors can affect a region's ability to recover in the aftermath [16, 17] . In principle, the main characteristics of regional and economic recovery correspond significantly to the regional development level, damage degree of industries, industrial ties, external assistance and other factors such as insurance and reconstruction speed, and quality of governance [18] [19] [20] [21] [22] [23] [24] . However, most disaster-associated studies merely focus on a single event and there is a lack of research paying attention to economic impact analysis and the post-disaster economic condition of multiple natural disasters. With respect to the economic impact assessment for multiple natural disasters, it is still at an early development stage due to a lack of a comprehensive analytical approach that can be used both at the industrial and regional level. Regarding quantitative assessment, practically no adaptive method in the existing literature is able to provide indirect economic impact assessment. The main challenge is how to quantify the superposition of economic impacts caused by the multiple natural disasters within a specific economy by considering the dependency of economic sectors.
As the most common of natural disasters, floods are selected as the main type of multiple natural disaster in this study and the concept of flood footprint that is proposed by Mendoza-Tinoco et al. [25] is applied here to indicate the total economic impact caused by floods through direct and indirect methods. In particular, direct flood footprint (DFF) analysis shows the direct damage to physical capital, people and natural resources; while the indirect approach refers to the physical damage-induced influence on an economic system during the post-disaster recovery period. Economic influence contains two parts in terms of production flows in an economy: primary economic losses and cascading economic losses. The former indicates the production losses that are immediately affected by the changes in one sector, and the latter illustrates the output losses that cascade throughout other sectors within the supply chain because of the interlinkages among all the sectors [26] . In this study, both primary and cascading economic losses are taken into consideration together as one indicator to explain the indirect economic impactindirect flood footprint (IFF)-since it is difficult to measure each loss separately. For example, in a particular economy, direct damage on the equipment of industries by a flood event is the DFF; whereas production losses due to the reduced industrial productivity that resulted from the equipment damage is considered to be the IFF.
This research constructs an input-output (IO)-based robust methodology (flood footprint model) for IFF accounting, both mathematically and logistically, in which the approach is able to quantify combined indirect economic impacts resulting from a single or multiple sudden-onset storm sequence by capturing industrial and regional interdependencies and incorporating certain factors such as damaged capital and affected labour [27] . This study focuses on the methodology which can be applied when multiple successive flood events occur and a hypothetical two-flood case is used to test the flexibility and feasibility of the model, while several insights into the influence of the subsequent disasters on the economy and of the impact from external assistance on post-flood economic recovery are offered as well. The methodology described could be applied to other forms of natural disasters and is not restricted just to flooding.
Methodology of the flood footprint model
The basic methodological framework of flood footprint assessment caused by multiple suddenonset floods is built upon the IO analysis, which is one type of assessment tool for measuring the economic effects within an economy due to external sudden shocks. It is able to capture the interactions between producers and consumers in a given economy and can extend to disasterinduced indirect economic impact evaluation by taking production bottlenecks into account. The advantage is that it emphasizes the role of the basic sectors in the economy, and underlines their role in contributing to loss [28] . Consequently, with the idea of the flood footprint and the framework of IO analysis, the indirect economic impact and dynamic post-disaster recovery of multiple flood events can be evaluated. This arises from a situation in which more than one flood occurs within the same economic system and when the subsequent events occur, the economic system is still recovering from the previous damage from recent flooding. The approach that considers two sequential floods is taken as an example here, and the methodology for three or more vents (or other natural disasters) can be adapted in the same way.
According to the various timeframes of the subsequent flooding, there are four types of economic system recovery conditions in a two-flood case. When the second flood hits the economic system, the damage resulting from the first flood can be: (1) Type 1, both damaged capital and affected labour productivity due to the first flood are in recovery; (2) Type 2, industrial capital is in the process of reconstruction and the labour has already completely recovered;
(3) Type 3, the recovery of capital has been completed and labour is in the process of being rebuilt; (4) Type 4, both capital and labour are fully recovered. In the following part, bold, upright capital letters are used for matrices, as in A; lower-case bold, upright letters are used for column vectors, as in x, while row vectors are in transposition, indicated by a prime, as x . A diagonal matrix from vector x is expressed by a circumflex, asx . Italic lower-case letters, as x, represents scalars.
(a) Economic balance of the pre-flood condition
Basic IO theory illustrates several points of a balanced economy, and the most significant one is that total input should be equal to total output, and total supply should at least satisfy total consumption demand [29, 30] . According to the basic assumption of IO theory, it is assumed that imported production and services in the pre-disaster economic system can be substituted for domestic production and services. Thus, the basic equation of a balanced economy before disasters is shown as equation (2.1). It means that productions of sectors (x 0 ) need to support intermediate demand (Ax 0 refers to the required demand for the inter-sectoral supply) and final demand (f 0 ) simultaneously. Intermediate demand shows the interdependency of sectors (A represents domestic coefficients that can show the dependence of each sector), as each sector cannot survive without support from other sectors; and final consumption demand (equation (2.2) means the direct consumption requirement of production by household (f 0 hh ), government (f 0 gov ), capital inventory (f 0 cap ) and export (f 0 exp ). 
(b) Economic condition of post-flood circumstances
Regarding the economic perspective, sudden-onset flooding influences the economy through damaging the industrial productivity and changing the total final demand. When the first flood hits the economy, from the supply side (equation (2.3), since industrial productivity (x 1 pro ) is directly corresponded to the capital capacity (x 1 cap ) and labour capacity (x 1 pro ), either damaged capital or affected labour can decrease the original industrial productivity (x 0 pro ). From the demand side, affected populations prefer to consume more necessities, here refers the parameter of basic demand (f 1 cd ), such as food, water, energy and medicine, rather than other luxury goods (f 1 others ); while damaged capital results in increase of reconstruction demand (f rec ). Therefore, as shown in equation (2.4), post-flood final demand (f d ) should be equal to the sum of reconstruction demand, basic demand and other final demand (f 1 others ); and post-flood required production (x d ) is calculated according to equation (2.5).
However, if remaining production (x 0 ) cannot be matched with post-flood required production (x d ), it means that total post-flood demand cannot be fully satisfied by the remaining production due to available industrial productivity being changed, and then, the economic system suffers from a supply bottleneck (equation (2.6)). Importance (y imp ) is regarded as one of the important approaches for the recovery of affected regions through providing more production, although it is assumed that the detailed import (refers to the external assistance including production and finance aids) at each stage is closely related to the functioning of the transportation system. How to allocate remaining production to existing demand become the vital stage for post-flood economic recovery. The flood footprint model assumes that the supply bottleneck is limited by both capital and labour constraints at each stage, and the rationing scheme is that intermediate demand and the basic demand are the priority, followed by recovery demands and other consumption demands. When the subsequent flood occurs, both recovered capital and labour will be influenced again and the whole economy will start a new recovery period from a combination impact of the multiple flood events.
Below are the detailed explanations of key parameters in the flood footprint model. Here, it assumes that (1) the first event occurs at t = 0, the recovery period from the first flood starts from t = 1; (2), the subsequent event occurs at t = m, and the recovery period from the subsequent flood starts from t = m + 1; while t is the time unit, to indicate weekly, monthly or annual. Since m is a specific time, it equals the time gap between these two events (1 ≤ m ≤ t), the unit of m is the same as t. It should be noted that only in the period of t = m, which is the time the subsequent flood occurs, measurements of capital limitation, labour constraint and reconstruction demand in the model have to change into new equations because impacts from a subsequent event should be added to the affected economy.
(i) Capital limitations
The model measures the remaining capital productivity through the remaining capital stock, which means that the ratio (α, named as damage fraction) of damaged capital to pre-disaster capital stock (S 0 cap ) in each sector indicates the ratio of decreased capital productivity, and also the ratio of decreased industrial production. We made simple assumptions that 1% capital loss will reduce 1% productivity immediately, and lead to 1% loss of production; and all the individual firms in one industry share the same damage ratio. Although such assumptions are adopted by several previous studies [25, 27] , the relationships between the capital damage and productivity should be considered more accurately in specific real events. Before the subsequent event occurs (1 ≤ t < m), remaining production under capital limitations (x t cap ) at period t is shown as equation (2.7), whereα 1 t is the diagonal matrix of industrial damage fractions at time t.
The main influence of the following flood on the capital parameter is reducing industrial capital production by increasing the capital damage fraction (α 0 2 ). Under the conditions of Types 1 and 2, the capital loss from the previous shock is in a recovering stage, and when t = m, the damage fraction of capital (α m+1 ) becomes α m+1
where α m+1 2 is industrial capital damage fractions at time m + 1; α m+1 1 is the capital damage fractions that were calculated from the last round; α 0 2 is the direct capital damage fractions caused by the subsequent flood. For Types 3 and 4, the destroyed capital resulting from a previous hazard has already fully recovered. Hence, from the capital perspective, the following flood with these two types can be treated as a single shock event to the economic system. Equation (2.8) can be directly changed as
Meanwhile, estimations of industrial production limited by capital damage in the whole period from period m + 1 becomes
(2.10)
(ii) Labour constraints
Similar to measurement of capital, the damage fraction of labour production (β) is calculated from the ratio of affected labour productivity to pre-disaster labour productivity; and it assumes that 1% labour damage will lead to 1% reduction of productivity and production. When 1 ≤ t < m, remaining production under labour constraint (x t lab ) at period t is shown as equation (2.11), wherê β t 1 is the diagonal matrix of industrial labour damage fractions at time t.
If the following flood disrupts the recovery process of the labour productivity that is affected by the former shock, like Types 1 and 3, the damaged fractions of labour productivity caused by the subsequent event (β 0 2 ) should be added in the round (m + 1) as equation (2.12) . If the labour productivity has finished recovery when the subsequent flood occurs, like Types 2 and 4, then the methods for assessing the following flooding impact on labour productivity are simplified as equation (2.13) . is the labour damage fractions at time m if the subsequent flood influence is not taken into account. Since m is a specific time and recovery scheme of labour productivity is an exogenous factor, equations (2.12) or (2.13) are only used to provide the labour affected fraction of the time (m + 1). The industrial production limited by labour constraints during the next stages is measured as equation (2.14). 
(iii) Import
The transport sector is assumed to be the sector that directly influences the amount of imports. In the period of 1 ≤ t < m, available import production at time t (y t imp ) can be measured as equation (2.15) , where α t tran2 shows the capital damage fraction of the transport sector. Here, it is assumed that the maximum capacity of import in the flooded area is y 0 imp , and since the time t = 1, imports come into the affected economy.
When the subsequent flood hits the economy (t = m), the increased capital damaged fraction of the transport sector due to the subsequent flood (α 0 tran2 ) leads to a reduction of import capacity. Equation (2.16) provides the estimation of damage fraction of transport capital in time (m + 1); and the measurement for import is the same as equation (2.17) .
and
(2.17)
(iv) Rationing scheme
Remaining productivity of the economy (x t ) can be estimated as equation (2.18) when both capital and labour limitations are taken into account. However, as presented on the left side of figure 1 , available production at time t (x t ava ) should not only be limited by the remaining productivity, but also needs to consider import (y t imp ) and maximum industrial production capacity (x 0 pro ), as equation (2.19 ).
x t = min(x t cap , x t lab ) (t ≥ 1) (2.18) and
x t ava = min(x t + y t imp , x 0 + y 0 imp ).
The 'Rationing Scheme' shows the distributions of available production to demand sectors. Since this relies highly on the policymakers or model operator and can be different due to various recovery aims, here we only provide one kind of rationing scheme (i.e. the right side of figure 1), in which available production at each stage is first used for intermediate demand in terms of rebuilding of linkages among sectors (Ax t ), followed by basic demand (f t cd ) that is related to human basic necessities at each stage and reconstruction demand (f t rec ). The rest then go to other final demand (f t others ). From a mathematical view, in the period of (1 ≤ t < m), existing economic balance is shown as equation (2.20) , in which recovered intermediate demand is (Ax t ava ); and available output that can be used for direct consumption is described in equation (2.21).
x t ava = Ax t ava + f t (2.20) and f t = x t ava − Ax t ava .
(2.21)
After f t cd is satisfied, remaining output (f t rem , equation (2.22)) first supports for reconstruction demand (f rec ). Through equation (2.23), the recovered capital at stage t (f t rec ) can be measured, in which t−1 k=1 f k rec shows the recovered capital from previous stages. Rest production will be allocated to other final demand (f t others , equation (2.24)). Meanwhile, the damage fraction of capital for the period (t + 1) can be estimated from equation (2.25) , in whichŝ 0 cap means a diagonal matrix of industrial pre-disaster capital stock. (2.24) and
If the subsequent event does not occur, the remaining reconstruction demand (f t rec_rem ) for time (m + 1) equals equation (2.26) . Since attendance of the subsequent flood raises the capital recovery demand in the following stage, the increased capital recovery demand of the subsequent event (f 0 rec2 ) is required to be taken into account. Therefore, the remaining reconstruction demand of the time (m + 1) is increased as equation (2.27) .
In addition, from the time (m + 1), in the flood footprint model, equation (2.23) that refers to estimation of recovered capital in each round becomes equation (2.28), and the damage fraction for the next round (25) becomes equation (2.29) .
and explanation to show how the following damage part directly influences the total capital recovery; while equation (2.29) clarifies it in a mathematical way. It means that in the time m, equation (2.8) can be used to calculate the damage fractions for time (m + 1), and in the following steps, the calculation methods for the destroyed capital are according to equation (2.29).
(v) Indirect flood footprint
Recovery is not complete until the whole economic imbalance returns to the pre-flood balanced situation (equation (2.1)); while IFF in terms of total production loss during the recovery period can be measured as equation (2.30) , and total flood footprint (TFF) can be accounted for with equation (2.31).
Hypothetical numerical example
The flood footprint model is applied to a hypothetical numerical example to validate the applicability of the model for assessing the footprint of a two-flood event. The basic IO table for the hypothetical numerical example (table 1) is retrieved from Schaffer [31] , which in turn is aggregated from a detailed economic ; the monetary value is US dollars and its currency sign is USD; the monetary unit for the value data is one million USD. The occurrence time of the first event here is assumed to be time 0, and recovery begins the following week, namely Week 1. With regards to the subsequent event, the occurrence time is m and from the time (m + 1), it begins to recover from the combined influences caused by the first and subsequent flood disasters. This economic system is assumed to be subjected to two floods that lead to the same physical influences. In other words, both floods destroy 20% of the industrial capital of each sector and damage 0.05% of the household capital, while nearly 10% of the labour force is affected. The subsequent flood occurs one week after the first, which means that the subsequent event damages the regional economy in the second week (m = 2). As the recovery path of labour productivity is an exogenous parameter in the flood footprint model, this case assumes that in each week, half of the remaining damaged labour productivity from the previous week is restored. For example, a flood immediately affects 10% of labour production, of which 5% (half of 10%) can be restored during the first week and in the second week, there is a further 2.5% (half of 5%) recovery. Meanwhile, it is assumed that when the damage fraction of labour productivity is under 2%, the labour capacity in the following week is able to be fully restored. The industrial physical capital stock for each ⎤ ⎦ and the household capital stock is 3600 million USD. As this hypothetical case is only used to test the flexibility and feasibility of the flood footprint model, the basic demand for each sector here is assumed equal to its household expenditures.
Results
As calculated, and presented in appendix A, the total flood footprint (TFF) that resulted from two floods in the hypothetical case is estimated as 11 838 million USD based on the flood footprint model. the IFF, about 3.38 times higher than the direct one, amounting to 9134 million USD. Among the five sectors, the services sector accounts for 54% of TFF, with 6488 million USD, followed by the trade and manufacturing sectors, both with a 20% share of TFF. Extraction has the smallest percentage, only 1.8%. Meanwhile, 74 weeks-almost 1.4-years are needed to restore the economic transactions among sectors. DFF of multiple flood events consists of direct physical-economic damage from every flood and in this case, the direct value of each event is 1350 million USD, since the two floods are assumed to result in the same direct impacts on the economic system. However, calculating the indirect impact of multiple events does not simply involve adding up all the indirect costs caused by each shock, due to the indirect combined influence of multiple natural hazards. Taking this case as an example, if the subsequent event does not occur, the first flood (as an individual shock to the regional economy) requires 26 weeks for complete recovery and leads to a 2336 million USD TFF. In particular, DFF will be 1352 million USD, while IFF is another 984 million USD. When regarding this multiple case as two individual shocks, total IFF is only 1968 million USD, which is 8150 million USD less than the actual amount; thus, TFF decreases to 4672 million USD. Figure 2 presents the recovery processes for the single and two flood events based on the hypothetical numerical example. The restoration for production capacity, recovery demand and IFF of a single disaster (figure 2a-c) shows continuing trends, while multiple floods (figure 2d-f ) present dynamic tendencies. In figure 2a ,d, the blue lines that indicate industrial production capacity are closer to the green lines (capital production capacity), demonstrating that damaged capital induces lower production and has a greater impact on the available production capacity. Due to disruption of the subsequent event that occurs in the second week, the rebuilding process enters a new stage from the third week by incorporating the damage caused by the subsequent disaster. Consequently, production capacity (figure 2d), integrating both labour and capital limitations, shows an increasing trend during the entire restoration process, with the lowest point in the third week. Meanwhile, recovery demand (figure 2e) displays a falling tendency with the highest amount in Week 3. When we consider IFFs of multiple events (figure 2f ), it is clear that during the first two weeks, the economic system is concentrated on addressing the damage caused by the first shock; and the following 16 weeks is used to recover the combined impact of the two events. The highest point in the third week is 200 million USD larger than the second-highest point in the first week, due to the cumulative effect, because when the subsequent flood hits the economy, the damaged capital and labour resulting from the previous event has not yet recovered. It is important to clarify that the estimation approaches towards calculating the flood footprint results from the multiple floods are different. Only under the condition that the following disaster occurs after full restoration of the first disaster, will TFF be equal to the sum of the separate flood footprints. Otherwise, flood footprints induced by multiple floods are more serious than for multiple individual events.
Sensitivity analysis
Although outcomes from the flood footprint model are sensitive to the model inputs and external assumptions, it seems that total economic impact and speed of recovery of the affected economy are likely to be significantly influenced by the occurrence time and damage levels of the subsequent disaster, as well as external assistance conditions. Results of the two-flood case proposed in §4 are regarded as the Base Scenario, and the input factors used are the basic conditions of this scenario.
(a) Various occurrence times for the subsequent flood flooding due to levee breaches submerged 80% of New Orleans city (USA) after the hurricane hit, while the time gap between these two disasters is less than one week. As it is difficult to predict when the subsequent floods occur and disrupt the regional economy transaction, in order to discuss how this factor impacts the economy, six scenarios are shown in table 2 with occurrence times of the successive events from the first to the sixth week (Scenarios T-1 to T-5, and base). All the scenarios include two independent floods and, apart from the timing of the subsequent event, other basic conditions and inputs of Scenarios T1-T5 are the same as for the Base scenario. Table 2 provides TFF of these scenarios. It is clear that Scenario T-1 results in the largest TFF, 17 523 million USD, and is 2.7 times higher than the lowest one, 6588 million USD from Scenario T-6; this is followed by the Base Scenario, with 11 838 million USD. TFF for the others are lower than 10 000 million USD. Regarding IFF, T-1 leads to the largest indirect footprint, with over 85% of its TFF and 14 819 million USD, and this number is equal to 3.3 times IFF caused by T-5, which is only 4446 million USD. Regardless of scenario, the direct economic damage in each situation is the same, 2700 million USD, since both independent events lead to the same physical and labour damage. The impact of the two-flood disaster on the economy, especially the indirect impact, changes according to the occurrence of the subsequent disaster (m). When m increases from Week 1 to Week 6, IFF decreases from 14 819 to 4446 million USD, and the percentage attributable to the indirect footprint also decreases from 85% to 62%. Meanwhile, there is no evidence that m has any influence on the recovery period. For example, the m gap between base and T-4 is three weeks, and IFF of the latter is only 57% of the former scenario, but in both scenarios, the economy requires 74 weeks to recover. Figure 3 illustrates how m influences the recovery process in each scenario. Base Scenario, T-1 to T-3 are Type 1 as introduced in §2, in which either capital or labour productivity is in rebuilding process when the subsequent flood hit the economy. It seems that in the Type 1 scenarios, either labour (red line) or capital capacity lines (green line) contain one low point. This point indicates that the constraints caused by the subsequent event have already been added into the whole recovery process and from this week, the economy starts to recover from the combined effect of the first and second shocks. The other two scenarios (T-4 and T-5) are Type 2 s, in which when the second flood occurs, affected labour productivity has already completely recovered while capital productivity is still in the reconstruction process. It can explain why in each scenario with Type 2, the red line has the two low points. The values of these two low points are same since the two floods lead to the same influence on labour capacity. As the recovery of labour capacity is an exogenous factor, its point in each week is decided by external decisions. In terms of capital capacity, it depends significantly on the recovery process as modelled by the flood footprint model and for this reason, capital capacity shows various trends in each scenario ( figure 3 ). In addition, since the recovery speed of labour productivity is faster than the recovery of capital productivity, total production capacity is entirely limited by damaged capital and this is the reason why the blue and green lines coincide with each other after labour productivity returns to its pre-disaster level. When we look at IFF trends, the peak point in each scenario divides the recovery process into two parts. The first is before the peak point and is recovery from the first disaster; and secondly after this point is the reconstruction influenced by the combined constraints of the two events. Moreover, it is worth noting that under the conditions of both Type 1 and 2, if both disasters lead to the same degree of direct damage on the same region, the shorter the gap between the occurrence times of the two disasters (this gap must be larger than 0), the larger the gap between TFF and IFF.
(b) Alternative direct capital damage caused by successive events
Direct physical damage of regional capital is an essential component in assessing flood footprint as it determines the post-disaster recovery demand and the available capital production capacity. Generally, the capital damaged by a flood is primarily related to the capital distributions of the affected region and the intensity of the flood event itself. Regarding multiple successive floods, there is no data or evidence to reveal any relevance for capital loss between the first and the subsequent events. For instance, Typhoon Hato led to direct economic losses of 1.79 billion USD in Guandong province, China on Aug 23rd 2017; four days later, Typhoon Pakhar resulted in direct economic loss in Guangdong of only 436 million USD [32] . New Orleans was the most damaged city after Hurricane Katrina in 2005, with over 150 billion USD direct economic damage, in which nearly half of the total economic damage was accounted for by hurricane-induced flooding [33] [34] [35] . Therefore, to better understand the impact of direct capital damage on the regional economic system, seven scenarios are created for damage caused by the subsequent disaster, represented as different capital damage fractions (α 0 2 ) (table 3) , while other inputs remain the same as those in the Base Scenario. This means that in all scenarios, both disasters lead to the same capital damage fraction of the five sectors: for the first disaster the number is 20% and for the subsequent, equal to α 0 2 . As shown in table 3, when α 0 2 is 70%, this economic system will never return to pre-flood levels because the capital production capacity is so small that recovery demands for the Extraction and Trade sectors will never be fully rebuilt. Therefore, the regional economic transaction is not able to recover to pre-flood levels. Scenario F-1 with 10% of α 0 2 requires the shortest recovery time (60 weeks) and leads to the lowest TFF with 4926 million USD, only 14% of the largest one in F-4, of 34 510 million USD. F-5 accounts for the largest EFF (5404 million USD), and it is clear that DFF increases along with an increasing α 0 2 , because DFF is assumed to be the same amount of 13 production capacity indirect flood footprint indirect flood footprint labour production capacity available production capacity capital production capacity labour production capacity available production capacity capital production capacity labour production capacity available production capacity capital production capacity labour production capacity available production capacity capital production capacity labour production capacity available production capacity capital production capacity labour production capacity available production capacity direct capital loss in this study. However, IFF does not correspond to the tendency of the direct footprint: the highest IFF is generated by Scenario F-4, which is also the scenario that takes the longest to completely recover (190 weeks). One point should be noticed here, although we can see that when α 0 2 increases from 10% to 50%, the recovery period becomes longer and the IFF become larger, it does not mean that the damage fraction immediately determines the recovery period or the IFF. There is no linear relationship between recovery period or IFF with damage fraction. Since in the flood footprint model, the modelling process varies according to the different conditions of available production and the remaining recovery demand in each week, recovery period and IFF do not simply rely on the direct physical damage but are modelled by considering several factors. It also explains the dynamic trends of recovery demands and IFF in each scenario that are presented in figure 4 . The left side of the figure shows the recovery demand tendencies; the peak points of the black lines indicate the amount that includes the recovery demand resulting from the second event. Direct capital loss determines total regional recovery demand, but when considering the recovery process in detail, the recovery demand for each week depends on the reconstruction in the previous week. Thus, weekly repaired capital is also modelled through the flood footprint model and various reallocations of production lead to different abilities to recover damaged capital each week. Thanks to internal impact between parameters in the flood footprint model, both recovery demand and regional IFF have their own dynamic features.
(c) Sensitivity to external assistance
Imports offer more available production to a region and in the aftermath of a flood, there are three kinds of imports: the first is import production that is directly used as a substitution for domestic production; the second is the delivery of rescue and relief items for basic human demands such as food and water; the last is financial assistance used to purchase production or damaged equipment. This study primarily focuses on the influence of imports under the rationing scheme whereby basic and intermediate demands are the priority, followed by reconstruction and other final demands, regardless of import type.
Under the basic conditions that are used in the Base Scenario, the other three scenarios with different amounts of imports are compared below. Imports in Scenarios I-1, BASE, I-2 and I-3 are 0%, 50%, 100% and 200% of pre-disaster level, respectively. Several points should be noted here. The first is that the maximum import capacity is assumed to be equal to pre-disaster imports, however, in a real flood case, the real capacity of regional import may be larger than pre-flood imports and amounts of imports in the aftermath may be larger. Secondly, import is only limited by any damaged capital of the transportation system. Thirdly, although imports can raise the accessible production during the recovery stage, not all imports can be added to the available production due to the constraints of the region's maximum production capacity. Here, the maximum acceptable production in each week is equal to the total amount from domestic outcomes and imports before the flood. Table 4 and figure 5 show the results and recovery processes of the four scenarios. In this hypothetical case, the independence of the economic system is very strong as even without any import (Scenario I-1), this region is able to recover to pre-disaster conditions. When the imports increase from 50% (Scenario I-2) to 200% (Scenario I-3), the recovery period decreases from 178 weeks to 56 weeks and IFF decreases from 12 611 to 5268 million USD. Through influencing recovery demand pertaining to industrial capital, more imports lead to a reduction in the time period within which to satisfy the recovery demand and recover capital productivity among the four conditions. However, even if under these four scenarios, the relationship between imports and IFF is clear, when imports plus remaining production exceed the maximum capacity of regional production, the percentages of imports that are used for recovery will be less and, consequently, increased imports are not able to result in decreased TFF. Hence, only when available production that includes imports is smaller than the maximum capacity of regional production can more imports lead to a shorter recovery period and a smaller IFF.
Discussion and conclusion
Generally, multiple flood events have a greater impact on a regional economy than individual natural shocks due to the cumulative effect. However, there is a lack of research that analyses the total economic impact resulting from this kind of multiple disaster. To assess the IFF of multiple floods more effectively, the flood footprint model has been improved by building connections on the parameters of labour and capital between the first and subsequent flood. This is the first time that the flood footprint model has been applied to the assessment of a two-flood flood footprint. The hypothetical numerical example demonstrates that both from a mathematical and logical perspective, the flood footprint model is able to analyse economic impact induced by different types of multiple flood events and to access the post-disaster economic condition of various damage simulations through transparent process.
According to the flood footprint analysis of the hypothetical example, several conclusions can be made. Firstly, the total flood footprint of multiple floods in a given region is larger than the sum of the flood footprint of each individual flood, particularly of the IFF. In the hypothetical case, the flood footprint is 11 838 million USD, which is 7076 million USD larger than the total flood footprint of each single disaster. The direct flood footprint of multiple floods is estimated as the total direct amount by each disaster due to it belonging to direct physical loss; but with regards to the IFF, multiple floods can lead to a higher footprint due to the combined effect of these successive events. There is one condition in which the flood footprint equals the total amount caused by each event. Under this condition, we can treat every event in the multiple disasters as individual events due to their independent recovery. Secondly, different occurrence times of the subsequent flood lead to various regional flood footprints in the case of multiple floods. Although this study focuses on two flood hazards that result in the same damage to physical assets and labour force, this conclusion holds for other kinds of multiple disasters. analysis on the time impact, it is found that if the subsequent flood disrupts the recovery of capital damaged by the first event, the shorter time gap between the occurrence times of the two events will result in a larger IFF. Furthermore, the higher direct damage cost of each disaster will result in a larger direct flood footprint of multiple flood events, but a larger direct flood footprint does not mean the IFF will be higher. By applying various parameters to the modelling process of the flood footprint model, it is clear that the IFF is not simply dependent on the direct physical-economic damage. In addition, although imports can increase regional production and services, the influence of imports during the recovery process differs according to the constraint of maximum capacity of regional production. It seems that rational decision-making tools can sometimes improve processes and outcomes of governance at the same time, so that risk management becomes central to the business of good government. Flood risk management and governance suggest that governance resources, including financial aid, regulatory and informational measures, should be provided on the basis of risk calculations. This implies that more reliable economic impact measurements are of benefit to the construction of more efficient post-flood economic recovery plans [36, 37] . However, it is seldom clear how economic influence is distributed among sectors and the economy, and thus far, little has been known about post-flood recovery at both sectoral and economic level. The by simulating dynamic recovery trends for specific sectors, taking into account the different influencing factors. Flood footprint assessment is proposed as an effective approach to the analysis of flood-induced economic risk and provides data support for post-flood recovery and management.
Since it is the first time we have extended the flood footprint model from single to multiple floods only a hypothetical case are analysed and the main conclusions from this case are not able to be used immediately for practical risk management. However, this study offers many new insights for post-flood economic impact management in real life. One the one hand, it can be a benefit for mitigation of the potential flood-related economic risk. As a significant type of external assistance for post-disaster recovery, direct financial aid is often deployed inefficiently [38] . With flood footprint model, policymakers can easily find a better option to allocate financial aid at industrial level among all the financial distribution plans, since a better plan will lead to a smaller flood footprint and a lower potential disaster risk. On the other hand, it can contribute to better pre-disaster preparation. As the coverage and physical capital damage of flood events under different future climate change scenarios can be simulated by several hydrological-related models, IFF of these events in a specific region can be modelled through the flood footprint model. Thus, both regional and sectoral level can make better recovery plans on the post-flood economy for the upcoming events, since the potential economic influence of future floods has already estimated in advance. This paper offers a clear and flexible framework within which to make rationing decisions, with the possibility of modifying and controlling the model factors in each recovery phase. Therefore, the rationing scheme can be adjusted to various specific requirements and external economic conditions. Although this paper is relatively comprehensive in its approach to flood-induced risk analysis, in terms of flood footprint assessment, many limitations and challenges remain. From the data perspective, due to the lack of accessible data and information on flood damage and postflood economies, various assumptions have been made in the modelling process, and only a hypothetical case is applied to test the flexibility and feasibility of the model. One significant assumption is the ratio of productivity loss. It is better to use capacity loss data for remaining productivity estimation in practical events rather than the physical capital loss data that is used in this study. But if the capacity data cannot be accessed, we can transfer the capital damage to productivity loss by setting a fixed ratio. This case only gives a simple example of the basic demand to demonstrate how to consider this parameter in the model, which the basic demand for each sector is assumed equal to its household expenditures. Such basic demand should be determined by local recovery policy or plans in real cases, and it may differ at each stage. The last one is that all the sectors are assumed to share the same recovery plans. In many practical disasters, some specific sectors, such as the energy and transport sectors, are always required to recover in advance of others. The model should be adjusted according to different recovery plans. Regarding the methodology, the flood footprint model is not able to consider market-based mechanisms, which means that influence of pricing was not taken into account in this research. After a flood disaster, the price of some production and services may increase due to the demand surge and this can also influence the regional economic system [39] . Next, it is difficult to verify or validate the results from the flood footprint model, since there is no statistical data about how sectors and economic systems recover after a disaster. Therefore, validation of the results can only be found by comparing them to analyses made in related studies. In addition, since part of the parameters considered in the model belong to the exogenous factors which show the high uncertainties, this model cannot provide accurate economic results for natural disasters but only show potential economic losses with the IO analysis. ⎤ ⎦ (β 1 is for the first disaster, and β 0 2 stands for the subsequent disaster). Meanwhile, 50% of the household damaged capital is allocated to the Construction sector, and 40% goes to Manufacturing which refers to energy and production support, and the last 10% is distributed to Services. 
(c) Recovery from the subsequent flood
The subsequent flooding occurred in the second week (m = 2). Hence, the influence of this disaster on the economic system starts from the third week; meanwhile, the restoration of the economy is changed from the single disaster rebuild to multiple disasters restored.
Thus, in the third week, the increased damaged capital caused by the second shock is the same as the first disaster, Either from the logical method (equation (A 15)) or mathematical approach (equation (A 14) ), the influence on capital productivity caused by the subsequent flood is the same.
For labour constraints, labour damage fractions and labour production becomes Repeat the calculation according to the basic equations of the flood footprint model, until in the 75th week, industrial productivity is fully restored and the affected economic system completely recovered to pre-disaster level. This means that in this case, at least 74 weeks are spent on reconstruction of the damaged economic system, and the flood footprint is 11 838 million USD. 
